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Abstract - lt~err~lo~]tlotc~voltaic  (l F’V) research has wltc+red a poricd of rapid
oxpansiorr  after 30yoars  of effort, yettlwro  is still no comprahcmsivo nlothod of
1 PV CM charactorizaticm. 10 support this increaso in research, tlm Jet Propulsiorl
1 abcwatc)ry has dovcdopod many rmcessary  procodurws for 7 F’V call ctlaractorizaticm.
1 his low-cost, picmoorin~ effort was nlado possitdo tJy utili?in~ or nmdifyinu
availab]~ EiqUi[JrllOrlt. Simple procedures allc}w tho derivation of tonlperaturo
coefficients for Voc and Isc, as well as ttm intensity cc)officiont  for Voc. Specific
standard sp6ctra are usoci whilo bottl tlm source intensity and tho cell t~rllpcrature
are adjusted, Measurements of cdl extctrnal spectral respcmse and dark fcwward
and reverse  dic}da currcmt ara used tc~ furdmr ctlaracterizo  ttm colt. Stanciard
oporating conditions of qmctrum, intcmsity and COII ternpmature are proposod so
that l“F’V cell pcrrfornlance  and efficiency data will bo universally accepted for cdl
comparison. Examples clf T W cell data are illustrated and a description of test
apparatus is also presorrlod.  1 his cell characterization of fort perlllits nlociollino tllo
porforrnance of a TPV cell in a total T W systwn. In addition to systerll nlodellin~,
COII dcisi~n and 1 F’V cell matwial  dovelqmmnt efforis  arti also supporiod.

INTRODUCTION

1 hormophotovoltaic (T PV) rosoarch  has now reaclmcl a period of rapid
oxpansiort aftw much crffort  tivor Itm p a s t  WI years [ 1 - 3 ] ,  yot nc~
comprehensive discussion of 1 W cdl characterization is in tho Iitaraturcr.
1 his is probably duo tc] crarly attonlpts using availabk ptmtcwoltaic  (PV)
cxdls and a cons~qutrnt  ompllasis  cm systorn analysis and pwformanco
rather than call porforrnanco. Now that 1 PV cmll n]atorial arid closi{rn
rcrsoarct~  is coming into its c]wn,  coil testing is Lmconling  moro important.
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Irwostigation  of low Lmncigap  (0.5-O. Y Ev) PV niatoria[s, such as GaSb,
lrrAs, lnAIAs and lrKitiAs, is proso~dy bc]ing pursued by many diffwont
organizations as part clf an ovorall  T F’V ccdl dmmloprrmnt program,  T o
supporf this incroasod  rosearcti in 7 PV COII material dovolopmcmt,  ttm Jet
Propulsion Laboratory (JP1 ) has ciovcdc}pod  many rmcossary prococturos
f o r  TF’V COII charactwization. 1 he characterization effort permits
rnodelling  the performance of a 1 PV COII in a total ‘1 PV systwn. In
acldition,  subsets of full characterization results also support tlw cell
c{osi~n  and coil material c{ovolopmont  efforts.

Clna oxamplo of tho nood for a specific 1 f’V charactorizaticjn  effort is
the problwn that occurs when a 1 FW system of ficibncy is c~uoted.
Ouostions  o f  spcmtrum, intensity, cdl twnfmraturo,  heat 10ss0s,
omittanco, transmittance, etc. aro imnmdiatoly  raised. Anothor oxamplo
is tho lJSO of COII officioncy data akmo. if a coil is rnoasured  as
suggested Lmlow tho COII of ficicmcy is likely to bo only 3-5°/0. t {owevor,
this samo coil when used in a T PV system with a selective emittm and
spectral rofloctivo filter may allow a system of ficicmcy  of 1 5%. 10
provido a basis for answering tho questions and avoiding tho efficiency
confusion, the JPL W=’V COII characterization rnetliodology, inchJding  a
proposod sot of stanciard  oporating conditions for cell measuran~ont
comparison purposes, is discuss~d bcdc~w.

CHARACTERIZATION IVIETHC)DO1O(3Y

Comprcihcmsivo  characterization is won rnoro important for TF’V COIIS
than for photovoltdic (FW) ccdls. PV calls aro used in cmvimnmcmts  with
various tomporatums and insolation intonsititm. I-fowevor, ttw light
spoctrwm is ossontially tho same, tho sun in space (AMO) or on [. arth
(AM1.0 or AM 1.5). TPV system designs are being pursued whore major
spectrum modification, at tho system oporating point, is assurnod  as well
as spectral shifts ciuring off-nominal operation. Sinco l-PV COIIS will bo
mado from low bandgap materials, the voltago tornporature  co~fficiont
and tho ceii operating twnporature  rango are more iniportant than in
higher bandgap  PV COIIS.  High intcmsities  aro the gorwral case in 7 PV
systems, making it os~ontial  to havo an intensity coofficicmt  and a
knowlodgo  of cell resistances. Witt~out  suitable cell data, it is impossibto
to accurately model ttm offcicts  of intensity, spectral and tornporaturo
chan~os  on system porformanco,
a,

1 FW cell charactwi?ation  can Lm brokon down into two main intorost
areas: Characterization for T FW systems rnodolling;  and characterization



forccdl niaterial anddosign  irnprovw-nonts.  Duotoanintwes tinpowor
system applications for spacecraft, the focus at JPL has ken on 1 PV
COII charactwization for systcmn modolling. Organizations with a prinie
intorost  in call material and desi~n  in~provonwmts  would havo an installed
capability for COII matcwial characterization for parameters such as
minority carrier Iifotimo, wafer dislocation density, doping Iovcd
determination, etc. Thweforo, tho discussion below focusos on four
areas of charactori?ation  for system n~odolling  noods: 1 Pv Coil
porformanco; TPV system oporating conditions; TPV cdl physical
parameters; and TPV coil quality control.

TPV Cell Performarm  Characterization

Distinct TPV systwn dosigns will result in cells opwating  under
different emission spectra and intonsitios depending upon tt,m source
emitter characteristics and tornporaturo. It can be ar~ued that a single
emission spectra IV cmrve and a spectral response curve shcwld be
sufficient for cell performance characterization under different emission
spectra. Howevw,  since tho spectral responso is usually takam at a
relatively low intensity and the cell is oporated  at a much highcir
intensity, the correct intensity corrections may not be known. Also, one
would expect the various temperature coefficients to vary with intensity,
emission spectra, and range of temperature. In addition, act~~al  TPV
systorn  implementations may have an off-nominal oporation requirement
causing cell performance to change.

TPV Cell performance characterization requires at least tho three
following tests:

1) IV curves under cert~in standard operating conditions of
emission spectra, omission intensity and cell temperature;

2 ) IV curves under various emission spectra over a rango of
emission intensities and cell temperatures; and

3) Spectral resportso  curves over a range of cell operating
temporattires.

These tests allow the derivation of voltage, current and power
temperature coefficients and othor cell pararnoters,  under different
emission spectra and permit the complote performance comparison and
characterization of each typo of TPV cell ovor a range of omission
spectra and operating conditions. Tho reasoning behind this 7“PV  cell
characterization approach is detailed below.
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IV Curves at Standard Operating Conditions (S00

In order for TPV cell perforrnanco characterization and officioncy data
“to be widely accepted, a universally approved SOC specifying a standard
omission spectra, emission intensity afid cell operating temperature must
be adopted. Perhaps more than ono sot of SOG will be acloptod,
particularly if TPV cells were to be classified according to their bandgap
or system operating temperature range. The need for specifying OaCh of
the threo parameters will be discussed below.

Using a selective wavelength emitter to measure the IV characteristics
of a TPV cell will not provide reliable data for the accurate prediction of
cell performance under anothor omission spectra. This is truo because
measuring the omission spectra of such an emitter is a difficult task and
is prone to measurement error. The emitter surface and material
properties must be known in d~tail, including how the emitter surface
changes with time, contamination and roughness and how the omittance
changes with temperature. The choico of a standard emitter or emission
spectra for the characterization of TPV cells must, therefore, be
universally accepted and predictable.

A black body is such an emitter, and it is presently used as a standard
for comparing radiation characteristics. The emission spectra of a black
body is dependent only on its temperature and can be accurately
calculated by using Planck’s  equation. In addition, black body sources
are readily available which enables comparable TPV cell measurements
to be made at other laboratories.

For example, if a low temperature TPV system operated as a black
body emitter at 1255 K, it would emit about 14 W/cma (more than 100
suns equivalent). However, it is unlikely that a TPV system will ever
have the perfect emissivity of a black body and the intensity is reduced
further by the use of selective emitters and band pass filtering. To allow
for these effects the distance between a 1255  K black body aperture
and the cell is adjusted to achieve some standard intensity value,
perhaps 2 W/cm2,  as a reference point.

A test of this kind is easily achieved in the laboratory and would result
in cell output versus a standard grey body emitter of the samo
temperature as the black body and an effective emittance  of 0.143. An
&xample of an IV curve taken at JPL using a 1200 C black body source
with fhe cell located at a distance to produce 2 W/cm2  intensity is
shown in Figure 1.
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FIGURE 1.1200 C Black body IV curve for TPV cell,

Low bandgap TPV cell performance is highly sensitive to temper?jture
which influences cell voltage and power output. Use of a cell operating
temperature of 20 C results in a moderate system efficiency as a
reference point under the 2 W/cm2 intensity. This temperature is simply
achieved in the JPL PV laboratory by using a recirculating water bath
coupled to a water cooled test head. A temperature rise of only 2 C was
measured between the cell and the cooling water at an intensity of 1.2
Wlcm2, For this measurement the cell junction temperature was
obtained by first measuring the cell resistance as a function of cell
temperature while the cell was not illuminated. Cell” resistance during
illumination was then measured by using a shutter and rapidly switching
test circuits.

IV Curves Over a Range of Temperature versus Intensity

TPV cells are very similar to solar PV cells, except they will be
operating at high power density levels, Iongor  wavelengths, and over a
limited cell’ temperature range. The actual power density will depend



upon the TPV system design but is likely to bo in the range of 100 to
500 suns for a commercial high temperature TPV system (1 600 K to
2000 K) or 10 to 100 suns for a low temperature radioisotope heated
TPV system (1000 K to 1500 K). Even if a TPV system had the perfect
emissivity  of a black body, this emission would have to be modified by
a filter before reaching the cell in order to achieve high conversion
efficiency. Therefore, system designs with selective emitters or band
pass filters may result in lower emission intensities. Thus, at selected
black body temperatures, the intensity must be varied by adjusting the
black body aperture to cell distance, The result is a family of cell output
versus grey body emittance levels.

As is true with concentrator PV cells, TPV cell series resistance and cell
temperature have a non-linear influence upon cell current and power
output. In addition, cell tarnperature  markedly influences cell voltago and
power output. Therefore, it is necessary to test the TPV cells at
selected cell temperatures while varying black body temperature and
intensity. This provides a full characterization and allows the calculation
of current, voltage and pc~wer temperature coefficients as determined by
JPL and shown in Figures 2, 3 and 4. A good discussion of PV material
coefficient determination is found in Reference 4.
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FIGURE 2. Isc versus cell temperature and intensity for GaSb TPV cell.
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FIGURE 3. Voc versus cell temperature and intensity for GaSb TPV cell.
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Spectral Response

The spectral response of a cell changes with temperature, therefore,
this measurement should be made over a range of temperatures or at
least at the high and low end of the temperature range. Expected cell
short circuit current (Isc) can be computed for each temperature by
integrating the spectral response with a black body emission spectra or
a selective emission spectra.

A full IV curve for use in system modelling can then be developed by
using this data along with other cell characterization data. In addition,
this measurement can be used along with IV tests to aid in discovering
the effect of radiation testing or stability testing upon the cell
performance.

Spectral response is also a useful analytical tool for cell fabrication
since the cutoff frequency is a prime indicator of bandgap energy.
Examples of spectral response curves for lnGaAs TPV cells with different
iridium and gallium percentage compositions and thus different bandgaps
were obtained by the JPL Standards Laboratory and are shown in Figures
5 and 6.
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FIGURE 5. Spectral response for lnGaAs TPV cell #1.
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FIGURE 6. Spectral response for InGaAs TPV cell #2,

TPV System Operating Conditions Characterization

The aforementioned tests only involve the testing of TPV cells under
ideal conditions. However, the actual conditions for cell operation in a
system should be taken into account, since they could have major
influence upon system performance. TPV system operating conditions
characterization require at least the following three tests:

1 ) Measuring the light and dark reverse IV curves;
2) Determining cell radiation sensitivity; and
3) Evaluating Cell Stability.

Light and ,Dark Reverse IV Curves

The light and dark reverse IV curves allow researchers to anticipate the
effects of a partially inoperative cell, possibly due to breakage, in an
array of TPV cells. The light reverse curve shows the combination of cell
diotie current and light generated current versus reverse bias voltage.
The dark’reverse curve only shows the cell diode current versus reverse
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bias. Aninoperative  cell acts like aresistor  inthe cell array. Current is
forced through the inoperative cell by the operating cells forcing a
reverse bias to appear across the inoperative cell. Depending upon the
reverse characteristic of the cell, the result could be a significant rise in
temperature of the inoperative cell causing possible damage to the cell
or TPV system. An example of a dark reverse IV curve is shown with its
companion dark forward curve in Figure 7.
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FIGURE 7. Dark current as a function of voltage.

Cell Radiation Sensitivity y

Cell radiation sensitivity is an important factor for TPV cells operating
with radioisotope or nuclear reactor heaters. These power sources can
emit beta, gamma, and neutron radiation which leave damage tracks in
solid state devices. Under such circumstances, the effects of radiation
on TPV cells must be determined just as they are for PV cells, except
that neutron and gamma radiation is required instead of electron and
proton radiation. Radiation sensitivity testing involves irradiating the
TPV cells in a stepwise manner and measuring cell spectral response and
cell performance at SOC. The data is then compared to initial cell
performance data taken at SOC before the irradiation.
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JPL has outstanding electron, beta and gamma radiation facilities. .
Furthermore, JPL has access to a radiation beam line at the California
Institute of Technology for a broad energy spectrum proton source.
Thus, JPL is capable of testing for the effects of electron, beta, gamma
and proton emissions on cells, if necessary. While JPL does not have a
neutron source, neutron radiation testing is conducted on a collaborative
basis by an outside radiation source.

While JPL has excellent radiation testing facilities, there has been no
radiation testing of TPV cells at JPL, due to time and funding limitations.

Cell Stabi/it y

Cell stability testing at the JPL PV lab involves testing cell performance
before and after exposure to environmental tests, such as continuous
illumination, temperature soaking, temperature annealing or temperature
cycling. Cell stability testing involves subjecting the cells to one or a
combination of the above environmental tests in a stepwise manner and
measuring cell spectral response and cell performance at SOC. The data
is then compared to initial cell performance data taken at SOC before the
test.

TPV Cell Physicai Parameter Characterization

Besides testing for operating characteristics and systems modelling,
TPV cell physical parameter data must be taken so that later
comparisons can be made accurately. While the physical cell data seems
trivial, it has often been found to be invaluable in settling questions of
whether active area or total area was used in an efficiency
determination.

Collecting the physical parameter data involves determination
following data:

1) Cell size, type, and structure;
2) Metallization  pattern dimensions and resistance;

of the

3) Calculation of total area, active area, and shadow area;
4) Measurement of cell back surface reflectivity versus wave

length.

Except for the measurement of the cell back surface reflectivity, which
is still under consideration, the remaining physical parameters are easily



measured with standard laboratory instruments or perhaps obtairmd  from
the cell fabricator. If contact resistivity is of interest then a special test
pattern is required.

TPV Cell Quality Control Characterization

TPV Cell quality control requires at least some of the following tests:

1) Carrier characterization;
2) Bandgap measurement; and
3) Dark forward diode current.

TPV system designs require the cells to operate in an intensity range
of 10-500 suns, and therefore, to have low internal series resistance and
relatively high internal shunt resistance. These characterization tests
would provide some initial information about cell conformance” to these
requirements before more characterization is performed. Essentially, if .’
the cell does not perform favbrably,  then further cell processing and
testing would not be necessary. The TPV cell quality control
characterization approach is detailed below.

Carrier Characterization

One approach to carrier characterization provides a majority carrier
profile of the process wafer or cell cross section to determine the quality
of the cell diode junction. A Polaron  system is used at JPL for quality
control at the wafer level. Cell level tests could also be of value,
however, the shortage of cells has prevented use of this destructive test
on cells at present. There are minority carrier concentration test
approaches which are not destructive. This capability is not available at
JPL, but maybe available at the National Renewable Energy Laboratory
(NREL).

..

Bandgap Measurement

At JPL bandgap measurements are made by two different methods - X-
ray diffraction and photoluminescence.  The X-ray diffraction technique
is preferred in the early material development stage since it gives a better
answer with less than optimum surfaces. Photoluminescence bandgap
measurement is therefore is used as a check or later when there is
production volume.



Dark Forward Diode Current

The current is measured as a function of forward bias voltage while the
. cell is not illuminated. When a cell has excessive internal series
resistance, or if it is a quality cell operating at high intensity, then the
dark diode current will be relatively high. This, in turn, causes the short
circuit current (Isc) to be a similar amount less than the actual light
generated current. An example of a dark forward IV curve measured at
JPL together with its related dark reverse curve was shown in Figure 7.

The dark diode current is a strong function of temperature which
argues for it to be measured at different temperatures resulting in a
family of dark forward IV curves. Measurement at temperature has not
yet been done at JPL due to time limitations, but is easily done using
present water cooled test head and water bath equipment.

EXPERIMENTATAL CAPABILITIES

JPL is pioneering TPV cell characterization because
combination of lengthy experience with PV cells and

of its unique
its specialized

facilities. JPL has over 30 years of experience with PV cells and
radioisotope power systems. This experience has resulted in the existing
facilities which are available for use in the TPV cell characterization
program. These facilities have been mentioned above and include:

A) Large Area Pulsed Solar Simulator (LAPSS);
B) Infrared Sensor Characterization Laboratory (IR Lab);
C) Photovoltaics Laboratory (PV Lab); and
D) Radiation Effects Laboratory (Rad Lab).

These facilities and their appropriate characterization tests are
discussed in more detail in the following sections.

LAPSS

The LAPSS consists of a solar illuminator, pulse forming network,
control console, terminals, printer/plotter and a computer. The LAPSS
equipment and computer program has been modified to incorporate TPV
cells and the use of a black body emission source. To vary the cell
,operating temperature, a water cooled test head is used. By changing
the temperature of the test head cooling water, the cell temperature is
changed. Water temperature is monitored and the IV curve is taken
when the water temperature has stabilized.
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A standard black body with an operating range of 200 C to 1200 c
(473 K to 1473 K) and a 0.99 emissivity  is being used for the present
test program as reported in Reference 5. This only allows for testing in

. the longer wavelengths for low bandgap cells. This is sufficient for the
present task of characterizing the TPV cells being developed at JPL.
Testing of higher bandgap TPV cells would require higher temperature
black body emissions. This could be simply achieved by procuring a
black body with a greater temperature range.

PV Lab

The PV laboratory possesses the experience and facilities to conduct
many of the characterization tests. This includes the testing for the dark
forward and reverse IV curves, cell stability and cell metallization.
Special mounting fixtures are available, which allow cell temperature
regulation during any of the tests.

IR Lab

The spectral response and spectral back surface reflectivity of the TPV
cells are measured by the Standards Laboratory or the Infrared
Technology group at JPL. Data can be taken across the spectral range
over a range of cell temperatures. The IR Detector Lab is already well
equipped to undertake TPV cell characterization -- the group does testing
of several types of infrared detectors, with extensive experience at
measuring narrow bandgap PV detectors in the 1 to 5 micron
wavelength range. The equipment available includes variable
temperature optical dewars, noise spectrum analyzers, grating
spectrometers and a Fourier transform spectrometer (FTS). The FTS is
used for spectral response measurements from 1 to 200 microns, with
the option of measuring to 0.5 microns if necessary with an additional
grating. It can also be configured to measure transmission or reflection
of samples. Integrating spheres are also available for diffuse reflection
and absorption measurements. Thus, comprehensive spectral response
and back surface reflectivity testing for cell characterization would be
completed at the IR lab.

Measurement of spectral back surface reflectivity of TPV cells has been
proposed and may be attempted under the present test program. This
,may turn out to only require a simple modification of the test equipment
and an additional grating. Spectral reflectivity and transmissibility of
other TPV system optical surfaces may also be measured with the
available laboratory equipment.



RAD Lab

The JPL Radiation Effects Laboratory has been in existence for more
than 20 years and has been used by many outside organizations, both
commercial and government, as their primary
testing.

CONCLUSION

source for this type of

A standard TPV cell characterization methodology would greatly benefit
TPV technology development by providing a means of cell comparison
and system modelling capability. Standards for characterization should
now be considered to ensure complete and proper TPV cell testing. To
accomplish this, there should be at least one facility capable of
performing all of the tests to fully characterize a TPV cell.

Black body emission testing is necessary at different temperatures and
intensities to acquire standard IV curves. The spectral response is
necessary not only for cell power predictions, but iry’6n jital element in
understanding the effects of various environmental tests upon cell
spectral response. Dark forward IV curves are needed to determine how
much light generated current is lost due to the cell internal resistances.
Light and dark reverse IV tests are needed determine the effects of cell
breakage and subsequent cell heating. And finally, knowledge of
temperature affects on these parameters is important.

Characterization over the full range of operating conditions is also
necessary for accurate modelling of TPV performance losses. This
would include testing of cell stability, cell durability, and radiation
damage. This additional set of characterization testing accounts for
realistic losses during TPV operation.

Lastly, the physical characteristics of a cell need to be measured for
future comparison purposes.

All of the above tests, if performed for a cell, would then constitute
TPV cell characterization, while selected subsets of these test can be
used for material and cell quality assurance or for product improvement.

The JPL facility already has much of the necessary characterization
equipment and laboratories including the LAPSS facility, the PV
laboratory, the IR sensor laboratory and the Radiation effects laboratory.
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